.B_ = stall cell passing fre quency.
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Introduction and Summary
For some ten years or more the causes and effects of stalling in relation to compressor blade vibration have been subjects of wide study. Many of these studies are so esoteric as to be of a very limited value to the practical engineer. This paper is intended to be a broad 51 summary of the field so that the practical engineer can appreciate the mechanism of stall vibration and, conse quently, what steps must be taken to ensure that vibra tion will not be so serious as to cause failure. This paper in no way decries the enormous value of the highly technical treatises which have been produced on the nature and manifestation of stall flutter. Each contri bution helps in furthering our know ledge of a highly com plex subject. It is felt, however, that an occasional paper in simpler, practical terms to summarize the field is of considerable help to the larger body of engineers who are not continually in touch with this subject.
It is shown that th e main difficulty encountered in modern compressors due to compressor stall blade vibra tion is resonant in nature. This resonance is with rotating stall bands. Good modern aerodynamic compressor design and adequate control mechanisms to take care of engine transient response ensure freedom from the once feared fu lly stalled flutter. Approaches that can be made to cure or alleviate blade vibration troubles are described.
The Mechanism of Stall Flutter in a Cascade of Airfoi ls
As the incidence on an airfoil is increased the lift of th e airfoil gradually increases until such time as a stalling angle is reached. In th is case, th e airfoil suffers a decreasing lift with increasing incidence. That is, in the stall region the slope of the lift curve vs angle of incidence is decreasing. A similar situation occurs in a cascade of airfoils such as a compressor row, and it is under such stall conditions that a self-excited vibration can be maintained. Th e aerodynamic mechanism has been described in various papers [l, 21 . A simplified explana tion is that as the blade vibrates, the velocity of its vibration when compounded with th e blade steady trans lational velocity and air incident velocities, is such as to alter the relative incidence angle and incident velocity onto the blade. When the blade is operating in a stall region these changes of incidence and inlet velocity are such that energy can be fed from the air stream into the vibrational motion , increasing the vibrational energy. Conversely, when operation is in a non-stalled region, then energy is extracted from any vibration and fed into the air stream. That is, in non-stall conditions the air stream acts as a damping force and in a stalled regime the air acts as an exciting force. In most cases the amplitude of vibration is determined by a balance between th ese two forces. In a simple cascade th e region of stall, or "negative slope," is limited ( Fig. 1 ) and blade toral amplitude is determined by the balance between energy input over the stall portion of the motion and energy extraction and damping over the non-stalled portion of the motion, together with such mechanical damping as may be present.
A fully detailed derivation of the equations of motion naturally shows that the mechanism is much more complex than the simplified explanation above. It can be shown that the criterion of true "stall flutter" is given by the condition There is another form of flutter, however, which can occur when the blade passages are chocked. (Incidentally th is does happen when the lift slope with velocity is highly negative.) However, the stall flutter criterion in this case is always strongly positive, and we are not,
Mach Number therefore, concerned with choke flutter in this paper. It might be mentioned in passing, however, that the suggestion has been made that choke flutter is caused by some form of shock wave instability in the blade passages, since under choking conditions sonic velocity wi ll be reached somewhere on the blade surfaces. As shown in [Il, the cntenon of aerodynamic flutter may be easily seen from a contour map of blade forc e. In this map F is plotted as contours using polar coordinates, the radial coordinate being effectively velocity, the polar angle being the difference between air inlet angle and blade vibration angle as shown in the cascade diagram. Figure 4 illustrates the method of plotting, and Figs. 5, 6, 7, and 8 show typical maps. These results may either be obtained from cascade data as was used in [Il, or be derived directl y from force measurements on the blade, as was used in [31. In [Il the maps were obtained during steady running conditions, the blades being held very rigidly at each end so that no flexural vibration took place .
In [31 and [41 the blade fo rces were obtained during vibra tion as well as during non-vibratory motion ; thus the [31 and [ 41 maps should be more applicable than the ones of [Il should there be any difference in the aerodynamic coefficients between steady and non-steady conditions. It will be seen, however, by comparing maps obtained from both [Il and [31, that there is no substantial differ ence in form.
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Schnittiger, in [51 , shows that aerodynamic lag and hence hysteresis is present in vibratory motion . This we have so far neglected. It can be shown that the presence of such lag may reduce the vibration considerably. How ever, we shall show later that the stalling effect on vibration is probably more of a "wake" effect than a stalling flutter effect in a practical compressor.
The method of plotting shows th e difference that can occur between a simple cascade and a practical com pressor. In the simple cascade a blade is of uniform cross section and vibrates mainly perpendicular to the chord line. In an actual compre ssor vibration is mainly perpen dicular to the root chord, and since the blade is twisted, this means that the tip section motion is quite different in a compressor as compared with a cascade, in which uniform sections only are normally considered. The difference between these two conditions is illustrated in F igs. 7 and 8. Th e effect is such as to reduce the vibra tion due to stall flutter in the compressor as compared with the cascade, the area of flutter in the compressor being considerably less than the area of stall flutter in the cascade as shown in the diagrams.
The general equation of vibration in stalled flutter is
where P and Q may be functions of time.
As such, P and Q may take care of any aerodynamic lag also, and it is therefore possible to get extremely com plex non-linear vibrations. The effect of an aerodynamic lag is to reduce the amplitude of vibration , an_d it is probable that any further non-linearity in the aerodynamic characteristics will lead to further reduction in total amplitude. Simple linear theory predicts too high an amplitude of vibration-built in mechanical damping and aerodynamic lag and non-linearity explain the discrepancy between the linear theory and practice. It is furth er probable that any aerodynamic lag will be a function of the time of passage of a particle of air through the cascade. Thus for a very low-frequency cascade of air- foils (i.e. long thin blades and, hence, with normal aerodynamics, high aspect ratio blades) the time of passage through the cascade is very small compared with the period of vibration. In this case there will be a small aerodynamic lag. The converse is true for low aspect ratio blades. We should therefore expect lower stresses in the low aspect ratio blades on account of the aerody namic lag effect. This is over and above any "straight" aerodynamic effect that may be present as a function of aspect ratio. It is known that when the aspect ratio is reduced, the blade stress exhibited in cascades that are in other respects aerodynamically similar is reduced.
Compressor Blade Stall and Vi bration
Thus far we have confined ourselves to simple uniform cascade flutter. In an actual compressor conditions are somewhat different, since blade section normally varies with radius, and the blade is usually twisted. In general vibration may be assumed to occur perpendicular to the root chord. As discussed above, this has the effect of reducing the stall flutter area of the tip section. There is however a further and more important difference be tween uniform test cascades and an actual compressor blade row. In the actual compressor, stall first appears in patches, and we get the now familiar rotating stall. This phenomenon is described, for example, in [61 .
Roughly speaking the stall patches propagate at half rotor speed, and depending upon the particular design, may be confined to root area or tip area, or in extreme cases the whole blade may stall. However, in essence the blade experiences a succession of stall "cells", which excite vibration, interleaved wi th periods of non stall, which damp vibratory motion. If, on the "average", the blade experiences a greater amount of stall than non stall, then (neglecting mechanical damping), stall flutter will result, and the blade will vibrate at its natural frequency irrespective of the number and frequency of the stall bands. However, in other cases a resonant, and very violent, vibration can result when the stall cell passing frequency, or a harmonic of this, Is in resonance with the blade natural frequency. Reference [71 shows that, in general, stall of the early compressor stages will occur at low compressor speeds, and stall of later stages at high speeds. This means that stall flutter can occur in the early stages but at a lower level (since at low speeds the energy level is lower, due to reduced air velocities involved), and as a result full blade stall may occur without throwing the compressor into a full surge. However, at higher speeds where the rear stages are involved the energy levels are high, and it is unlikely that stall flutter will occur without the compressor surging. In all cases it IS certain that, as the surge line is approached, rotating stall bands will appear, and that if this is the case, resonant vibration can take place. This form of resonant excitation can occur at all harmonics of the rotating stall cell passing frequency. It is also pos sible, due to the non-linear form of excitation , (espe cially if aerodynamic lag is included), that subharmonic resonance could be excited. However, since the stall cells are generally fairly sharply defined and of "square pulse" form, undoubtedly the main vibration will be regular harmonic resonance.
This particular type of resonance is unpredictable by analysis. Many variables are involved, stall cell number and velocity varying considerably. Furthermore, it is rather insidious in its occurrence, appearing when the compressor is running apparently quite stably and efficiently. Hence the only way to ensure freedom from excitation is to keep the compressor well away from surge during prolonged periods of running. Freedom from surge is taken care of by any combination of the now well-tried methods of bleed and variable stator geometry . It is essential that back-up tes ts with strain gaging of blades be carried out to ensure freedom from stall cell resonance over the whole operating regime. This is especially true of rear stage stall cell excitation that may occur at conditions not normally found in test bench engine running, i.e., high altitude, low forward speed
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conditions when the compressor is running at high corrected speeds. Such conditions can usually be cov ered by a compressor bench test at overspeed, there usually being enough overspeed margin mechanically in a '\fell-designed compressor. Ideally, to detect stall cells some form of hot wire anemometer is required, but this is not essential, as any blade resonance can be detected by strain gaging, the order of excitation being discernible as a modulation of the strain gage signal. If this turns out to be a non integral engine order, it is almost certain to be a rotating stall cell resonance.
The effect of rotating stall cells may not be confined to the particular stage exhibiting the stall. The stall cells may act as blockages, giving an extended wake up stream and giving a resonant excitation in earlier stages. Similarly the wake from the stall cells may extend downstream and give a similar resonance.
Prevention and Cure of Stalled Resonance
Having determined the pr esence of stall, the questions to be answered are: (a) Can we prevent the stall from breaking blades? and (b) Can we remove the stall from the engine? We are presuming that the trouble is a resonance, since fully stalled flutter can only be re moved by aerodynamic redesign. The fo llowing courses are suggested to attack the problem:
1. Aerodynamic Redesign. The stalled stages may be unstalled by suitably increasing the stagger angle. Usually a progressive stagger over several stages in cluding the one causing trouble will effect a cure. Such a procedure may worsen the engine surge line or per formance, however, and attendant adj ustments must then be made to the associated control mechanisms, involving possibly compressor bleed and variable stator adj ust ments, and acceleration control readjustments. Other po ssible redesign changes, such as increased camber to reduce the incident angle, leaving the outlet angle fixed, would involve a reblading program, but may, in the long run, be more acceptable than simple stagger changes. However, simple stagger changes can usually be achieved by a rapid blade twisting program.
2. Mechanical Redesign. One good approach to alle viate stall flutter resonance is the use of pin-fixed blades. This mechanism allows the blade to vibrate by a certain amount of root rolling motion without gener ating high blade stresses. This means that the equilib rium amplitude-the balance between aerodynamic exci tation and damping-can be attained at lower root stress than for an encastre blade (e.g. , bulb root or fir tree root). This design leads to a heavier root, however. An increase in pin clearance has the effect of reduction in blade root stress but increase in the root lug stress; hence any change must be a compromise between blade and lug stresses.
Another possible mechanical cure is the introduction of mechanical damping. Th is does not appear attractive, however, since the air damping is generally so much greater than can be achieved mechanically, and a small change in aerodynamics to increase the damping can do much more good. As a last resort, however, a mechan-56 ical damping device could, as it were, remove the last straw from the camel's back.
A further possible mechanical change to the blade frequency may be sufficient to bring the blade under consideration off resonance. In the case of the pin fixed blade, a frequency change can be achieved by alteration of pin clearance. Material with a higher fatique strength may of course be used. In this connec tion, it should be noted that there is not too much difference between aluminum and steel. Since the amplitude of the blade is largely determined by the aerodynamic balance, both steel and aluminum blades will attain the same amplitudes, and hence the same strains. Because fatigue strength is approximately pro portional to strain, there will not be much difference between the materials, unless a material can be found that has vastly superior fatigue properties for a given strain.
3. New mechanical approaches are po ssible, but these await the inspiration of some mechanical genius. For instance, if a mechanism could be designed so that for the first part of the vibratory motion the frequency were fi but after a certain amplitude the frequency were abruptly to change to f2, it would be impossible to build up a resonance. A two-slope root fixing is suggested, but this would probably involve too high local stress concentrations.
A further suggestion is some form of blade elastic mounting that automatically resets the blade stagger with compressor speed, so that the appropriate stages are unstalled at the appropriate speeds. Could some type of bifilar mounting be employed that unwinds at a suitable rate with speed increase?
It can be concluded that the general problems involved in stall flutter and compressor blade vibration are gen erally understood in the broad sense, and that sound approaches can be made to ensure freedom from trouble during the development of a compressor.
